Abstract-Most antioxidants and stabilisers are partially converted to oxidation products during processing at high temperatures and in the presence of a small amount of oxygen. In some cases the transformation products are more effective antioxidants than the starting materials.Thus for example, hindered nitroxyl radicals are much more effective than the amines from which they are derived as processing and light stabilisers for polypropylene. Similarly, oxidative processing of many sulphur-containing antioxidants markedly improves their antioxidant activity, and in some cases,the processing operation can be used to induce the chemical reaction of the antioxidant with the polymer chain.
INTRODUCTION
It is important, both theoretically and practically, to know what effect the processing operation has on the subsequent performance of antioxidants and stabilisers in polymers. The study of antioxidant mechanisms is concerned with the way in which the effective inhibitor interferes with the autoxidation chain reaction under the appropriate conditions. Many examples have been noted in recent years of effective antioxidants beiq produced in situ in the polymer either during processing or during subsequent service. Important practical examples are to be found both among the chain-breaking and preventive antioxidants.
That antioxidants and stabilisers are affected by processing is self-evident in the light of the chemical changes known to occur in polymers under these conditions (Ref.l,2). The passage of a polymer through a screw extruder or plasticisation on a two roll mill leads to shearing of the polymer chain, particularly at the early stages before the polymer has fully liquified and when it is still in the rubbery state. This kind of treatment has been used in the rubber industry for over a century to reduce the molecular weight of the polymer prior to the introduction of compounding ingredients. Early studies in the "mastication" of rubber showed the importance of both shear and oxygen in mechanodegradation. Mechano-oxidation of rubber is characterised by two different phenomena. In the low temperature region (generally below 100°C), mechanical shear of the viscous polymer is the dominating process, whereas at higher temperatures normal oxidation catalysed by macroalkyl radicals is the main process 5,7,ll,l3) . These "impurities" have been shown to have a profound effect , not only on the subsequent ageing performance of the unstabilised polymer but also on the antioxidants and stabilisers incorporated during processing. This may result either in the partial destruction of the effective species or in its formation from an inert precursor.
TRANSFORMATIONS INVOLVING CHAIN-BREAKING ANTIOXIDANTS
Chain-breaking antioxidants (CB) are able to interrupt the autoxidation chain reaction shown in Scheme 1 at two points (Ref.14). Reducing agents, of which the hindered phenols and aromatic amines are the best known commercial examples, deactivate alkylperoxyl radicals by electron donation (CB-D). Oxidising agents, such as quinones, "stable" radicals, etc., convert alkyl radicals to carbonium ions or olefinic unsaturation, Scheme 2, by accepting an electron (CB-A). Under normal conditions of thermal oxidation, for example in an air oven, the alkyl radical concentration is low and the CB-D process predominates. However under the conditions existing in a screw extruder or on a closed internal mixer, this is not so, since the shearing forces acting on the plymer lead to a high concentration of free radicals which can survive very much longer than in an open system due to the limiti air access to the polymer. Both alkyl and alkylperoxyl radicals can thus co-exist under processing conditions. Scheme 1.
Antioxidant Mechanisms
This is confirmed by the fact that some polymers (e.g. polyethylene) undergo macroalkyl radical dimerisation during processing to give molecular enlargement (Ref. 
Me
In the course of a typical processing operation, BHT is partially converted to oxidation products which are somewhat more effective in an air oven heat ageing test than BHT itself (Ref. 16, 17) , see Scheme 3. The stilbenequinone (Iv) was shown to be at least partly respons- ible for this phenomenon, but a polymer-bound antioxidant in which the phenol was bound to the polymer through the methylene group was also implicated (Ref. 16, 17) . Table 1 shows that the antioxidant is able to withstand exhaustive solvent extraction. However, the extent of polymer binding is low.
Other quinonoid products are known to be formed by oxidation of BHT (Ref. Table 3 . Like the hindered aryloxyl radicals, the hindered nitroxyl radicals are CB-A antioxidants, and are incapable of reacting with alkylperoxyl radicals.
Transformation of "stable" radicals in polypropylene during processing The high activity of hindered aryloxyl and nitroxyl radicals as melt stabilisers for polymers during processing results from their ability to oxidise alkyl radicals by the CB-A mechanism, scheme 2 (Ref.2l).
Galvinoxyl has been shown to be a melt stabiliser for PP for up to 20 mm at 200°C in a close mixer, see Fig.1 (Ref.7) . During the first few minutes of processing, 96% of the G initially present is quantitatively reduced to GH (IX). As the viscosity of the polymer is progessively reduced due to melting, some of the GH is re-oxidised to G by alkylperoxyl radicals and hydroperoxides. The initial stage of rapid reduction of G to GH is accompanied by the formation of unsaturation in the polymer, Fig.2 . The total concentration of G'+ GH remains essentially constant for a while and then slowly declines. This indicates that G and GH constitute a reversible redox couple under these conditions. The chemistry is summarised in Scheme 5. The subsequent decrease in concentation of the redox couple must be due to the irreversible destruction of galvinoxyl resulting. from the slow diffusion of oxygen into the mixer.
Interesting confirmation for the conversion of the CB-A antioxidant, G to the CB-D reduction product, GH comes from a study of the thermal-oxidative stability of polypropylene processed for different times (Ref. 22 ). Fig. 3 shows that the rate of thermal oxidation in an air oven at 140°C varies markedly with the processing time. Comparing Fig.3 with Fig.l shows that the oxidative stability is directly proportional to the concentration of GH in the film. Under these conditions, due to the ready access of oxygen to the macroalkyl radicals, the CB-A mechanism cannot operate effectively but the CB-D mechanism can. It has been shown that the end of the induction periods in Fig.3 is converted to the corresponding hydroxylamine during the early stages of processing and it is almost completely regenerated when the shear in the mixer decreases due to melting of the polymer. The mechanism of melt stabilisation by hindered nitroxyls is entirely analogous to that of galvinoxyl, Scheme 6. shows that the hydroxylamine, XI, is almost as effective as the nitroxyl, X, in a closed mixer and Fig.6 shows that the nitroxylis rapidly generated from the hydroxylamine under these conditions. On the other hand, the hydroxylamine is somewhat more effective than the nitroxyl in an open mixer at the same temperature, Fig.7 , and the parent hindered piperidine is much less effective than either under all conditions. Under the conditions of an open mixer, as in an air oven, the nitroxyl is less able to compete with oxygen for alkyl radicals and its activity as a melt stabiliser is reduced relative to the hydroxylamine which, as we have already seen, is an effective CB-A antioxidant (Ref.24).
Transformation of hindered piperidines to nitroxyls in polypropylene during processing It is now generally accepted that hindered piperidines are not antioxidants (Ref. [25] [26] [27] , and that they are converted to nitroxyls which are effective photostabilisers. The mechanism of photostabilisation by nitroxyl radicals is outside the scope of this paper, but it is now known to involve a similar redox reaction to that described in Scheme 6 (Ref. Table 4 shows that in a normally processed sample (i.e.
closed mixer, 180°C/b mm ), the hydroxylamine, XI, is significantly more effective than the corresponding nitroxyl and both are in turn more effective than the hindered piperidine, Tinuvin 770. However severe processing of polypropylene markedly reduces the effectiveness of the nitroxyl. Figure 9 shows that, as might be expected, there is a relationship between the amount of nitroxyl remaining after processing and its stabilising effectiveness (Ref.23). Other effective melt stabilisers for polypropylene, notably iodine, alkyl iodides and cupric salts operate by the same CB-A/CB-O mechanism as galvinoxyl and hindered piperidinoxyls (Ref. 21, 29) , but as these are not thermal antioxidants, they will not be discussed futher in this review. seen that the effectiveness of both HOBP (XIII) and NiDBP (XVI,R=nC H ) are substantially reduced by severe processing. However a thiophosphoryl disulphide (VII,R=iPr) which is the primary oxidation product of the corresponding nickel dithiophosphate, see Scheme 8, actually improves in performance as a uv stabiliser when subjected to the same severe processing operation, see Table 5 . The inset in Fig. 10 compares the effect of severe processing on the uv stabilising activity of bis-isopropylthiophosphoryl disulphide (DiPDS,XVIII,R=ipr) in polypropylene and in polyethylene (the shaded area indicates the difference between mild and severe processing in the two polymers). It is clear that severe processing has resulted in a higher level of stabilising activity in PP than in FE. This is believed to reflect the relative ease of oxidation of PP compared with FE, which is known to give a relatively higher concentration of hydroperoxides in the more oxidisable polymer. Uv stabilising systems of very high activity have been developed using this principle of controlled oxidation of sulphur-based antioxidants during processing. Table 6 compares the effects of normally processed and severely processed combinations of antioxidants on the uv stability of polypropylene. Unsaturated thermoplastics such as ABS also react readily with antioxidant thiols (Ref. 43 ), but somewhat more surprisingly so do saturated hydrocarbon polymers. Thus the thiol XXII reacts with polyethylene and polypropylene in a shearing mixer at 150°C and 180°C respectively. In this case, there is insufficient unsaturation in the polymer to account for the level of binding achieved. Figure 11 shows that binding occurs in two stages. Most of the adduct is formed during the first minute while the applied torque in the mixer is high. This stage involves the formation of macroalkyl radicals by mechanical scission of the polymer chain, 1626 G. SCOTT 
